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RadionuclideLeachingfrom ResidualSoils:

ScreeningStudy
Mark Fitchl and Ellen Engtand2

Abstract: Four soil samples,collected from a National Priorities Listed site contaminated with uranium, thorium, aud radium, werc
leached for two, seven,and 30 days. The noqleachedsoils, leached soils, and l€achateswerc analyzed using gamma specEoscopy,alpha
spectoscopy, and delaycd neutron activation. Unleached and leached soils had low radionuclide activities, and four different leaching
solutions had no significant observableeffect upon tbe rcsulting leachate activity. Tluee of the soils produced leachateswith uranium
activities below the expected primary ddnling waler standard of 30 pg/L for uanium, but fte leachaie &om the fourth soil had an
umcc€ptably high concentratiotrof urariun (653 pgll,) despile the low activity of the original, unleachedsoil- Distibution coefficients
calculated for urauium rdrgd from l0O to f2,000 mUg, while disEibution coefficiens for 26R4 *R4 t'Th, l37Cs,and {K ranged
from 1 to ?-0 tmIJE T116uraDium distibution coefficient was sEongly corelated to the leacbate 'lkrtinity, suggestingthat conditions
resulting in high alkalinity leld a high potential to leach uranium.

DOI: 10.106U(AscE)109G025x(2002)6:3(184)
soils;Leaching;
CE Databasekeywords: Residual
Clntaminants.
lntroduction
The St. Louis Airport Site (SLAPS) was used for storage of
uranium-bearing residues from 1942 to 1957. Radionuclidebearing residuesstoredthere were generatedfrom the separation
and purification of uranium from uranium-bearing feed materials
(U.S.ACE 1999).Both black oxidesand oreswereprocessed
at a
nearby facility and stored at SLAPS. Processingactivities were
conducted initially under contract with the Manhanan Engineer
District and the U.S. Atomic Energy Commission.
The Z2-acreSLAPS is located north of the St. Louis Airport
and is bordered by roads on the west, north, and east and a security fence on the south. An important geographic feature is Coldwater Creek, which runs along the west side of the site. The creek
empties into the Missouri River and is the dominant feature of
concern for ground and surfacewater contamination.Hydrology
studies indicate the direction of groundwater flow and surface
water flow is towardsColdwaterCreek.The site geologyhasbeen
extensively characterizedas part of the remediation effort (U.S.
ACE 1999)and, briefly stated,the soil is a silty loam-a combination of fill and loess supportinga grass-forband woody shrub
vegetation community. Soil permeabilify is moderate,surfacerunoff is slow, and the available water capacity is very high. Soil
borings show manganesestains and nodules and iron-cemented
concretions. Land use in the surrounding area is predominantly
lAssistant Professor,Dept. of Civil Engineering, Univ. of MissouriRolla, Rolla, MO 65401.E-mail: mfitch@umr.edu
2GraduateStudeng Dept. of Civil Engineering, Univ. of MissouriRolla, Rolla, MO 65401.
Note. Discussionopenuntil December1,2002. Separatediscussions
must be submitted for individual papers.To extend the closing date by
one month, a written request must be filed with the ASCE Managing
Rlitor. The manuscriptfor this paperwas submittedfor review and possible publication on August 24,200I; approvedon February22,2002.
This paper is part of the Practice Periodical of Haznrdoas, Tbxit, and
Radioactive WasteManagemenf, Vol. 6, No. 3, July 1,2002. @ASCE,
ISSN I 090-025W200A3-I 84- I 9 I /$8.00+ $.50 per page.

commercial and industrial. Remediationoversight and management of the site is cunently the responsibility of the U.S. Army
Corpsof Engineers(U.S. ACE 1999).
The leaching potential of "leave-in-place" or "residual" site
soils is the focus of this paper.The objective of this study was
four-fold: (1) to evaluatethe potential for leachingof radioactive
materials from representativesoils meeting proposed clean-up
standardsfor the SLAPS using fluids approximatingthe groundwater anticipated to percolate through SLAPS after remediation;
(2) to determine the effect of trichloroethylene (TCE) and the
TCLP leaching fluids on uranium, radium, and thorium concentrations in those soils and leachates;(3) to characterizeresidual
soil characteristicsand contamination; and (a) to determine the
distribution coefficients,K7, for radionuclidesfound in SLAPS
residualsoils.

Materials and Methods
Sample Locations
Representativesoil sampleswere selectedfrom locations where
the soil was consideredto be residual.Residualsoils will remain
in place after site remediationgoals are achieved.Soils selected
for samplingand analysiswere anticipatedto just meet or modestly exceedproposed site remediationgoals of 15, 15, and 50
pCrlg for radium, thorium, and uranium, respectively, and had
compositionssufficiently varied to reflect soil characteristicsof
the overall site (Hempen, personalcommunication, 1998; U.S.
ACE 1999).Thus, soil sampleswere selectedto reflectthe most
contaminatedsoil that would remain after the proposedremedial
effort at the SLAPS. Samplesites were identified from the existing site characteizationfor the National Priorities List process
and utilizing an existing 3D model of the site basedon that sampling. Four samplesites were selectedand are shown in Fig. 1;
the criteria for selectionincluded accessibilityand likelihood of
finding soil of the correct contaminationlevel, with one site se-
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Corps of Engineerssubcontractorusing their hand=heldGeiger
counter,and this sectionof the pit was sampled.Soil samplesof
approximately1 kg were immediatelyplacedin resealableplastic
- _---tags
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lected with the expectationof sampling original loess rather than
fill. Sampleswere collectedin June and July of 1998.

kg soil samplewas placedin aluminum containersfor analysisby
the on-siteHiss Laboratory,St. Louis.
The co-locatedsoils collected for analysis by the Hiss Lab
were not processedin any mannerbut were sealedin the aluminum cans and sent directly for analysis. Soils collected in the
resealableplastic bags were dried and homogenizedfor leaching
studiesat Univ. of Missouri-Rolla (UMR) or analysisat the U.S.
GeologicalSurvey(USGS).The soil samplesfor analysisat UMR
and the USGS were broken apart by hand, placed on aluminum
foil, and dried for one hour at 103"C in a drying oven. After
drying, the soil was cut by hand using an aluminum spatula,reducedto very small fines (to the eye), and mixed thoroughlywith
the samespatula.

Sample Collection and Preparation

Leaching Methodology

The four soil samplingsiteswere openedby backhoeand samples
taken at a depthof l-2 m. Prior to samplecollection with a hand
towel, the lowest activity section of the pit was identified by a

Each homogenizedsoil samplewas separatedinto approximately
forty 20 g subsamples.Each subsamplewas placed into a bottle
and treatedwith a leachingsolution as indicatedin Fig. Z.I-each-
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Fig. 1. Sampling locations at St. I-ouis Airport Site
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F i g . 2 . Leaching methodology for soiis: leaching solutions selectedto representanticipated conditions for residual soils
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Table 1. Leaching Conditions ofS'oils
Period

-]-

condition
Lolr("uou
A
B
C
D
T

sorution
ouu.-

EPATCI.P,0.2 M acetic
acid adjustedto pH 4.9
Deio zeddistilled(DD
waterequilibratcdwith air
DI water,N2 sparyed
No fluid
m 'IIE,-TCE itr Dl warer

rou'o
r*r"'
2,7,8d 30
2,7, and30
2,'l,rnd30
30
2. 7. ard 30

Replicates for

_rr

-t***l+lt-::':S":::':91"=:]:.i:1,"i:
- -lFryFhate
"*F'*
"""iiJ,,n.i^
sanpte. pH was measured using a cqlibrated
3
Coming 3,{0 pH meter and Fobe. Alkalinity was measurfd using
V0 mL of leachate in the Standard Method 23208, endl,oint ti3
tration procedure (APHA 1995).
3
3
3

-'.'ry--_
u_wterqurrrrateali,itrraf
___!_
Euscs"
rCondition

B-USGSwas leachedat IJMR and anatyzedat USGS,Deaver; 'll olhersamlvzedat UMR'

ing solutions, leacbing periods, and replicate information from
batch experimcnts are shown in Thblc I and Fig. 2. Four bateh
leacbing solutions and conditions were used including the Environnental Pro0ectionAgency (EPA) TCI-P acetic acid solution
(U.S. EPA 1996), distile4 deionized (DD water equilibrated with
air, DI water in a nitogen (N) spargedatrnosphere,a\d,29 mglL
TCE in DI water. Control sainplescontaining only soil were also
prepared. The TCLP solution was chose[ to represent a worst
case . acidic enviro nen! the T€E solution a contaminated
groundwater environment, and tbe other solutions to represent
groundwater conditions expected after site rcmediation. The
TCLP acetic acid solution (leaching solution
**-!rypgd
Q
using the U.S. EPA s Solid WastcTest Method SW-846 (U.S. EPA
1996).To prepare the solution, 5.7 mL of glacial acetic acid were
added to 500 trrL of DI water. 64.3 mL ofJ N sodium hydro_xide
were then added and the solution diluted to, one liter with DI
water- The resulting pH of the solution was 4.9310-05. t achiry
solutions B and C werc DI watei equilibrated with air and spaqed
with uitogen, re.spectively.The TCE solutioq (leaching solution
T) was prepared by adding TcE to DI wale-rand mixing.f:r z-h
on a shaker table to form a saturated
of 1,200 mg/L
-solution
(Whitten and Gailey 1981). 33.3 mL of the saturatedsolution was
drcn added to 2 L of DI water' giving a 20 mg/L TcE concenttation'
For lcaching conditiotrs A, B, and T, 20 g of dried, homogcnized soil werc placcd ino 250 mL Teflon-rubber.t"pP
fPp9
botdes containing 200 mL of leaching fluid. ControlJoils (leach-

ing conditionD) were u"amferrcd. *
to,q:l
:rpy
lf'"hi:f
conditionC soils werepreparcdin an anaerobic.glove
bag with
continuousnitogen flow and the bag purgedwith n]togel.for
thre€ minutes after mixing to t,t'"*t o"y.q:l
(rpm) for the
Botdeswerc tumbledat 5-8 rctationsper liinuteTtlTTi-tl'
specifiedleachingperiodAfter the leachingperio4 soilswereseparated
from leactates
bv centrifugationat 1,000rpm for 45 min
|jt
111 i^Y1-!31
clav contentscontributing. itt"tttptj:,fgTl:^"-:3:l-.Tjl
centrifugation.f-€acbates
from Soils I and 4 werc subsequendy
spun at 5,ooo rpm for thirty min es to giu" a -or" *-pt"t"
separation.After centrinrgation,,l.,. .;;";
G;-;;;t
teredthrougha 0.45.i".r"t",
nr"r. ni
1p*il!uofl'r*1"
trationtimesfor the 200rnl, of eachliquid rangedftom 5 min to
2 h. This separationwasdesignedio removethe soilsthat would
not be transponedby gmundwaterflow from the groundwaler,
The fihe$ and soilsremainingin the botdesweretransferredto
resealableplasticbags,andthe bodes werethendnsedwith DI
wateraodthe resultqnfslulry hansfefedto is rcspectiv-e
bag.

Gamma.Spectroscopy
-

pS are rsu, elb,

ard

*ilTrT3;tilr6.*rffi;Tt"ffior,.,u,theparentisotope, includes 2slh and %Ra (ti.S. OfnW l97O; Iaderer and
shirely 1978;Eisenbud 198?). To determinethe prcsenceof these
and other radioactive elements,leached,soils atrd lcachales w€re
examinedusing gamna spectoscopy at UMR Gamna ray emissions of decay products were used to detect fte Fesence of tbe
parent isotopes; aEU, uofh, and %Iia have long hau-lives and
emit few or no gamnas. For each samplg a specfrumof enbrgies
and counts were recorded during a Gh counting period usiug an
BC & G Ortec gamma specuorneterand the associatedsoftware
. ..Maesto.,' A lead bdck shield was const cted around rhe
sampleto differentiate the sampleemissions,which were in some
casei quite low, frorn the background. The emciency of the
gamma detector was determinid with a point source of kaown
tti"ity
a variety of geomebies corresponding to the overall
"t of the sample bags. A uranium control standard of I
gcometry
igmL ivas asayea as poiiriue cont ol as 263 pCi/url, with an
" pci/Inl calculated from the conc€ntraof 32g
"*iot"U
""tiuity and the assumotion of natural uradum isotoDe
tion of uranium
distibution. Detailed diScussionof detector efficiencv determi;tion may be founct elsewhere(Fitcb 1999). The limiiof derection
for the lamma spectometer for the dominant radionuclides was
aetermiieO as f pCi totaf activity and 0.01 pCilml for rhe
bachates.
Backercund counts were subtractedfrom the samplemeasuremerts aid prominent peakscataloguedfrom the garnmaspectroscopy. cataoguing-peat
involved identifying the isotope con€sponding
to'6+olserieA
en"rgy. Conc"rit
oi parent nuclides
"tioos
*"r"
d irom te activlty of shon-lived
claughtersusing
"uidirlut of secular equilibriunn" Secular equilibrium was
the assumptiotrs
aDDliedto elementswith half_lives of not more than a few vears
and activity ratios calculated (Langmuir 1997); that is,zh.a was
assumedto be the source of all measured,t.lt (ZZ ,il nAf-Uf")

(r0;;6;U_1;1t
Uot-dU *"" not *ru-"o rheparent
(gb,oooy"a, half_frfe).fbe specifrcparcnt/daughre$
thus
"f,"oft
te*"'pr*;,
zrp6l
a0",.
,,*d;;
OJ"c'eO),
airotfi
i"fro
-Pap*
-th
t"-rt,*nu,
*a"h';
"iiu, -aann.ani
r:z6l [a iiz-ef g-_ ii"r"
the activity of each
irotop" io ,r," r".pl";*
ro*J""fruf"tiors,
*J r"ponedin units of cilmlfor liquids or Cilglor soils.
Ganma specftoscopy
was also performedon co-rocatedsoil
sampte.s
at rhe His{.abontory. Arianatysisof gamna spectoswas appue4lor oercr:t1-T:i:":T-^:.::^T1:alYT
**ul(s reportedbv this
Syi'g::*::.1"-'^1T:::",1*
us' AL'E subcontractor
are shownhereasreponedto IJMR'
-+t"Bi

Alpha Spectoscopy
wasperformedon co-locatedsoil samplesat
Alpha,spearoscopy
the HissLaboratory.Methodscomplyto U.S.ACE st2ndards,
but
r,ere not disclosed.
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Table 2. Co-located Soil Site-A'ctivities and Measurement Enoq Hiss Laboratory Analysis (Units in pCig)
Site
--- --l

Method
---.'

40K

2269u

228Bu

8.3a1.4

NA
1.1t0.1
NA
1.0-f0.1
NA

22811

23276

23sIJ

230.n1

2381-J

2Yu

Total

-f

NA

ct

'v
0.

'v
ct

16.7-r2.2
NA
16.2+2.4
NA

2.9L0.2

6.311.3
0.8+0.1
2.311.8

0.8{-0.5
1.0+-0.1
1.5+0.8
1.0-F0.1
1.610.8

0.9-.-0.5
1.0-f0.1
1.9r-0.7
1.0r-0.1
1.6!0.7

37{- 8
1661-34
t72-r42
ND
4.7+-1.5

ND

8.3t2.1

8.2'r2.r

I AZ.S

1.6{-0.3
ND

4.7+ r.g
4.4+1.4

i 198.8
L92.6

ND

2.6!t.4

ND

2.8r-1.0

NA
6.5-11.9
NA
3.51-1.2

22.6
16.5

Notei ND- not dete.ted,sanple activity below det€ctionlimit. NA=oot analyzedfor this isoope. a wlues arc one lta[dard error zlAm and r3?Cs
searched
for but not detected;uAc fouodat low levelsby gammaspectroscopy,
3.810.3 pci/g at site 2 andat lower levcls,0-7a0.2pci./g, at site l.
EIPa wasdetectedar site 2, d 49!O-g
{tJ E.
Delayed Neutron Activation
Original and leachedsoil sampleswere analyzedby delayedneutron activation at the USGS in Denver (Millard and Keaten 1982).
Elemental Analysis
Some 30-day DI water leachateswere analyzedfor metallic elementSat the USGS facility. Analysis was completedusing U.S.
EPA methodsof ion coupledplasmaand massspectroscopy(ICP/
MS) (Keith 1996). The detebtion limits for elements are on the
order of 1 pg/L.

Results
Original Soi/s
During sampling,the first 25-50 cm of soil was found to be pale
brown in color and silty, while the remainingsoil was a rich black
color. The darker soil displayed some reddish streaks,possibly
indicating a larger amount of iron complexes.Gross measurementsusing the Geigercountervaried widely, possiblysuggesting
activity variations in the buried wastescontainedwithin the residual soils.

Results of gamma and alpha spectroscopy,performed at the
Hiss Laboratory on co-locatedsoil samplesfor soils 1,2, and 3
are shown in Table 2, Tlte co-locatedsamplefor Soil 4 was not
analyzed.The Hiss lab did not explain the apparentdifferencein
226puand 23olh for the co-locatedsoil from Site 1. Colocated
soils had total activities ranging from l7-2W pCilg. Most of the
activity was from 23orh,238U,and 40li 1t3-t7 pCrlg),with minor
amountsof associateddecayproductsand small amountsof 226Ra
and 228Ra(l-8 pci/g). Ttresemeasurements
were requiredprior
to official acceptanceof the soil samples by the Univ. of
Missouri-Rolla.
A comparison of co-located'soil activities measuredat the
three laboratoriesis shown in Table 3. Gammaspectroscopywas
performedat UMR and the Hiss Laboratory alpha spectroscopy
at the Hibs Laboratory and delayed neutron activation at the
USGS. The tabular data shows differences,sometimeslarge, between the laboratories' results. Minor discrepancies.areanticipatedbecausethe laboratoriesperformedassayson separatesubsamples of soils, rather than on the same soil samples;
particularly, the co-locatedsamplesassayedby the Hiss laboratory while directly adjacerttto the UMR samples,were not homogenizedwith the LJMR samples.Major discrepanciesare possible if particlesof high activity were insufficiently homogenized
among subsamples.The large difference in Th values may be

Table 3. Soil Concentrations (Combined Isotopes for Each Element) Reported Uf Sbp*ute Analytical Laboratories
Radium
Soil type

(pci/e)

15
Proposedgoala
Tlpical soilb
I
6.5
Soil 1: Hiss"
I.JMR
t4
USGS
5.7
Soil 2: Hiss"
UMR
9.6
USGS
Soil 3: Hiss"
2.6
UMR
11
USGS
Soil 4: Hiss"
11
UMR
USGS
'Proposed goal (U.S.ACE 1999).
blpical soil values (Eisedbud 1987).

Thorium

(pci/e)
15
l.t
53
L4
172
8
7.3
8

13

4()K

Uranium
(*g/kg)o

10
'
8.9
g x 10-e
6.1
13
gx t0-e
4.7
t2
g x l0-e
10.3
gx 10-e
t6

(pCi/g)

50
0.6
t7
l1

(-e/kda
1.8
25
13

(pCi/e)
22
12.6
75

j,

13
7
6.2

L

l4
4.4
14.8
8.1
2.5
8.96

16.7
51

37
81.8

67

16.2
63

lliss analysis was ott colocated samples;vslues averagcdftom garirna and alpha spq.troscopy; soil 4 data rct available ftom Hi$s.
dHiss and UMR mass calc-ulatedftom isotopic aativity; IJMR'S rn€suremcnt method was unable to detect 23hh, qhich is the majority of calculated
tborium mass due to lolv ?lctivity.
i
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Table 4.-Total U and Th Concentrationsin Soilsamples, Before rnd
After Leaching, Determined by Delayed Neutron Activation, USGS

- -

Th, mg/kg
Soil

Before

Before

-7.8
29.8
7.5
22
6.1"
r3.9
4.5
0.2
14.8
0.9
4.7
-0.6
-0.37
8.96
9.33
10.9
10.3
15
I
81.8
77.4
4.4
L6
1.8
10
werel0Voof measured
deviations,
basedon countingstatistics,
"Standard
for thorium and t-ZVo of measured
concentrations
concentrations
for
uranium.
1987).
\)pical soil values(Eisenbud
I
2
3
4
Typicalb

F'l

T?tbls5: Uranium Levels in Soil la-achateDeteimined by DelAyed
Ne.rrtronActivation- USGS

-t.4

attributed to the low sensitivity of the UMR garnmaspectrometer
at the low energiesof 6" 23215isotope,which is nearly invisible
to gamma spectroscopyas performed at UMR if 232.fhis present
at the levels indicated by alpha spectroscopy performed at the
Hiss lab. In general, the original concentrationof each isotope
was low in the original soils, making detection difficult and requiring long counting periods.Additionally, gammaspectroscopy
observesonly gammasthat are emitted at a low rate, giving a
small signal to noise ratio, while delayedneutronactivation used
at USGS gives a higher signal to noise ratio, resulting in more
accurate data. Thus the discrepanciesmay be attributed to a lack
of homogeneityacrossa very small sectionof the soil, differences
in detector sensitivities,and the generally low activities of the
samples.
The four soils met the proposed residual soil standardsfor
uranium and radium (U.S.ACE 1999),while Soils 1 and 2 exceededthe standardfor thorium basedon Hiss Laboratory results.
Basedupon analysisresults,Soils 3 and 4 could be left at the site
given the proposedremediationstandards.
Leached Soils and Leachafes
Forty-six of a potenual246 total subsamplesof leachedsoils and
leachate were analyzed using gilnma spectroscopyat UMR. All
246 sampleswere not analyzedbecauseof very similar initial
analysisresultsand the relatively long counting times,6 h, associated with gamma spectroscopyfor these low concentration
samples.Gamma specroscopy indicated that isotopes from the
decaychainsof 238U,235U,and 2321rwerepresentin virtually all
leached soil samples and leachates.A natural soil constituent,
aoK, and a nuclear weaponstesting fallout residue, 137Cs,were
also present.Agreementbetweenleachedsoil and leachatereplicates was typically within 20c/o.HowevFr, the unleachedSoil 4
samplesshowed a wide variability in 238[Jactivity. An explanation for this variability might be that the subsampleswere insufficiently homogenous.
Table 4 showsU and Th concentrationsin soil samplesbefore
and after leaching as determinedby the USGS. Thorium losses
were within the measurementerror, but given the low reported
standarddeviation for the uranium detection,uranium appearsto
have, surprisingly, increased.However, additional analyses of
leachatesdid indicate that substantialleaching took place. The
likely causeof the unexpectedvalues in Table 4 is the inherent
variability within the soil samplesdespiteinitial homogenization.
Soil samplescan demonstratelarge inhomogeneity;the soil subsamples may have had different starting concentrationsof the
radionuclides(Winegardner1996).
I

1
2
3
4

2.54
13.01
1.15
653.2

The total activity of each isotope (pCi, not per volume or
mass)in a given leachatewas generallyequal to the total activity
of that isotope in the conespondingleachedsoil. However, 238U
was presentin severalsoil samples,yet was not observedin the
leachates.Leachatesalso did not cohtain, within the detection
limit, 2359ur "'A", despitethe presenceof z35gio most of the
soil samples.Overall, the radium activity of the leachateswas
greater than the drinking water standardsfor radium. Results of
the UMR leachate analysis indicate there was no significant
leaching of uranium, thorium, or actinium.
Irachate concentrationsof uranium, as determinedby delayed
neutron activation, are shown in Table 5. Soil 4, containing the
highest initial soil concentrations of uranium and thorium, produceda leachatewith a large concentrationof uranium,653 p"gtL.
For comparison,the expectedprimary drinking water standardis
30 p,gtL for uranium (Pontius 1999).
Leaching Period
Initial leachateactivities (at two days of leaching) were higher for
the TCLP leaching.fluid samples; the TCLP solution rapidly
lehched radionuclides from the soils. The activity of the TCLP
leachatesdeclined with increasing leaching period; after 7 days
the TCLP leachates.were indistinguishable from the other
leachates.The TCLP solution may'have initially strongly leached
the soil, but possibly with time an equilibrium was established
resulting in a decreasein leaching activity. Anoxic and oxic leaching conditions had no observableeffect on the leaching rates or
thq resulting leachateactivity. The presenceof 20 mgtLTCE also
had'no.appreciableeffect upon the radionuclide distribution between leachateand leachedsoil.
For 2,7, and 30 day leachingperiods,no appreciablechanges
in soil,or leachateradionuclide were observedexcept for 4K.
Leaching of 4K is shown in Fig. 3. Less {K activity with time
was measured for some soil leachates while others showed no
'change,
,
even after 30 days.Theseresultsmay indicatea long time
scaleto equilibrium for some of the soils..
Metals by.lon Cgupled Plasma
A variety of other metallic elements were found to be present in
soils with metal concentrations varying among the soil samples,
as shown in Table 6. For example,Soil I containedhigher quantities of alumffirm, nickel, and molybdenum than other soil
samples.There were no identified correlationsbetween various
metal concentrations.
Determination of Kd
Ka values for uranium calculated from the USGS analysesare
shown in Table 7, while Ka values from UMR garnmaspectroscopy are shown in Table 8. It should be noted that the confidence
associatedwith the valuesreportedin Table 8 is quite limited due
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to the sensitivity of the measurementtechnique,and that a chemical measurementsuchas done at USGS would give more precise
values.The USGS analysesshowedappreciableleachingof uranium from Soil4, resulting in a low Ka value. The UMR garnma
spectroscopy,however,indicated a8U, 23sU,and 2n{c were not
leachedto any appreciabledegree;the Ka was apparentlyinfinite.
Becausethe minimum detectionlimit for the elementswas nonzero, a reasonableupper limit on the measurablevalue of Ka for
thesethree isotopeswas chosenas 103.The differencesin the K7
values as determined by the different labs may possibly be explainedby detectionlimit differences.The chemicalanalysesperformed by the USGS are more sensitive (with u 238gdetection
limit of 3.3X l0-4 pci/ml-) than the garnma spectroscopyper-

Table 6. DissolvedConcentrations
of Elementsin Leachate
Element
Q"etL)
Barium
Boron
Chromium
Cobalt
Copper
I*ad
Manganese
Molybdenum
Nickel
Zinc
Aluminum
Selenium
Uranium

Soil 1

Soil 2

33.s9
48.689
1.66

2.r4
5.82
1.1,2
5.66

tzL.r7
fi,.21
13.4t
2552.6
Lt.76
2.54

33.07
38.078
1.5
I

r.67
I
1
116.26

r.o7
6.63
18.78
142.78
13.01

Soil 3

Soil4

55.04
44.56t
1.08
1t
2.35
11
11
39.t7
1.06
12.6t
r3.2s
231.98
1.15

6s.89
ND
2.6r
4.9r

36.8
1.53
6.22
52.58
3.21
653.2

Note: Values determinedat USGS Denver lab by ion coupled plasma,
except for uranium,{etermined by delayedneutron activatign.

formed at UMR (reg detectionlimit of 1x 10-2 pci/ml). UMR
gamma spectroscopyshowedthe presencein the leachatesof low
activities of a number of isotopes with relatively long half-lives
including 226Fia,"tR4 28Tt^, t"Cr, and 4K. Substantial
amountsof other nuclides were leached,yielding low values of
Kai Ka values for these elementsranged from 1 to 75. As a
comparison, typical K7 values found in the literature include
102- ld for cesium; 6,700 for radium; and 3-3,200 ml/g for
uranium (Sheppard and Thibault 1991; Smolders et al. 1997;
Mollah and Ullah 1998).
Alkalinity and pH
Soil 4 imparted substantially more alkalinity to the DI water
leachatethan Soils 1,2, and3. The correlationbetweenalkalinity
and distribution coefficientsis shownin Fig. 4. Fig. 4 showsthere
.- is an exponentialrelationshipbetweenalkalinity artdKa, a logarithmic correlation between soil alkalinig and uranium leaching
that has been observedpreviously (Schumacherand Stollenwerk

Table 7. K7 Valuds for Uranium from USGS Delayed Neutron
ActivationAnalvlis
Soil

I
2
3
4

Soil U Soil activityu l,eachate U
(me/ke)
(pell.)
bci/g)

lrachate activity"
(pCi/L)

Kd
(mue)

2.54
11,700
0.84-1.t2
13.01
4.29-5.75
1,100
1.15
8,100
0.38-0.51
653.2
215-289
120
lA.ctivity rangescalculatedbasedon 23s91238U
activity distributions reported by the Hiss lab, ranging from 0 (lower limir of ND) to 34Vo2351J
29.8
13.9
9.33
77.4

9.8-13
4.6-6.1
3.1-4.1
25.5-34.2

activity.
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Table 8. Ka Values from UMR Gamma Spectrcscopy Analysis
Soil

Average

Fluid
--?eiiil

b

Pla-226
Ra-228
Th-228
Cs-137
Co-60
K-40

13
il6
615
10

a

2A

r0

NA

1I

T2

t3

2
15
5
t7
11
0
18

2
2
I
2
2
NA
2

7
75
23
t5
8
NA
12

30
10
10
11
8
NA
9

730
42
159
189
88

11

NA
NA
71013

7
16
t2
16
t2
NA

7
18
6
15
lt
0
l4

7
t2
l3
t7
9

30I

30
3t2
108
24
l0

30

NA

NA

Inf.

Inf.

t2

1l

12

11

14
15

10'
11
t9
13

;
10
l4
10
ll

Note: Inf.= i!finite; no cvidence of leached isotope (division by zeto), trl> 1,000. NA=not applicable, rlo activity for rhis isotope ir both soil and
l€achate (z.ro dividcd by zero).

l99l). None of the soil leachatesshowedany pH extremes.Soil 4
did increasethe pH, consistentwith the observedalkalinity imparted to leaching solutions.

Discussion
The variability in measruementsamong the three labs involved in
the reportedwork points out that someof the soil samplesappear
to have been originally quite nonhomogenous.This lack of homogeneityof the soil at the site may indicate that any attemptto
charactenzeradionuclidesin a mass of soil from a site such as
SLAPS with subsamplesmay be completely futile--one might
have missed the really hot particle just a foot away from the
sample that was taken.
The most intriguing finding of this study relatesto the leaching
of uranium from residual soils, as determinedby delayedneutron
activation,and its probablerelationshipto soil characteristicsand
soil chemistry.Although all four soils had activitiesnearor below
the proposed "leave in place" limits, one soil, Soil 4, leached
significant amountsof uranium. This soil met the standardsfor
"leave in place," but would be expectedto have becomea source
of groundwatercontamination.For this soil, a Ka of 120 rnlJg
was observed.Overall, the USGS measurementsresultedin distribution coefficientsfor uranium ranging from ld to 104 rnl-lg,
well within the reportedliterature range of 10- 106 (Schumacher
and Stollenwerk 1991;Sheppardand Thibault 1991).Distribution
coefficiens were found to strongly correlateto leachatealkalinity; thus, leachingwas not so much a function of specificactivity
as it was geochemistry.
Becausethe exact soil geochemistryand uranium mineral speciation were not measuredfor the sampledsoils, and its determination was not the primary focus of this study,no definitive statements can be made about the reason for Soil 4's release of
uraniumduring leaching.However,the differencein Soil4leach-
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ing is thought to be relatedto the increasedcarbonatecontent of
the leachate.In oxidized surface and groundwater,uranium is
transportedas the highly solubleuranyl ion (UOf 2) and its complexes, including the carbonatecomplexes (Garrels and Christ
1965; Langmuir 1997). The carbonate complexes are important,
as they increase the solubility of uranium minerals, facilitate
U(W) reduction,and limit adsorptionin oxidized waters,increasing uranium mobility (Langmuir 1997).Not only did Soil 4 give
the highest observedalkalinity, but it also neutralizedthe TCLP
solution and, when incubated with oxygen-free water, Soil 4
leachatedropped from the initial pH of 8.0 to 5.0. Others have
shown that carbonateconcentrationin leaching solutions,among
other.factors,may influenceuranium extractionand leachingfrom
ore and soils (Langmuir 1978; Longmire 1983; [,ongmire et al.
1994). Elless and [-ee's (1998) work suggeststhat solubility of
uranium-bearingminerals is the critical factor in'controlling uranium solubility in soils. For soil where the uranium existed as
amorphouscoatingson the surfaceof sandand silt particlesor on
the surfacesof carbonateminerals present,a strong correlation
betweenuranium and alkalinify was observed.Carbonate-bearing
minerals are known to be presentat SLAPs and prevalentin the
Stateof Missouri (MDNR 1990; U.S. ACE 1999).
Given the values of the distribution coefficients for uranium
cited in the literature, the values determined by gamma spectroscopy'are somewhatlower than anticipated.The presenceof carbonatesian promote the solubility of hexavalenturanium, which
then prevents extensive binding to colloidal materiat (Gaffney
et al. 1996).In ftre caseof Soil 4, the high concentrationof carbonatemost likely did increasethe solubility of uranium, resultipg in significant leaching.
'
The uranium present in Soil 4 might have been present as
carbonates,allowing it to leach easily from the soils. Batch experimentsconductedon soils from'Weldon Springs, anotherDepartmentOf Energy site, showedthe importanceof oxide surfaces
in the sorption of uranium (VI) (Schumacherand Stollenwerk
I99I). Ka values.for uranium found in Weldon Springs batch
experimentsrangedfrom 10 to 1,000,with clay till having lower
Ka valuesth* tk FerrelviewFormation overburden.The current
study suggestedtJratKa valuesdeterminedusing delayedneutron
activation ranged from 100 to 12,000. Geochemical modeling
simulationshaveshownthat uraniumsorptiondecreases
from 100
6 IAVo as carbonateconcentrationsincreasedfrom 10 to 430
mgfl (Schumacherand Stollenwerk l99l). Modeling simulations
also showedthat sorptionof uranium (VI) was a function of both
pFI and carbonateconcentration(Schumacherand Stollenwerk
l99l). Soils that releasemore carbonateappearedmore likely to
releaseuranium.
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Keith,{. €996). CompilationofEPAI sampling and analysis methods,

Implications for Remediation
This study, and severalothers,suggestpammetersother thau
,. gmq! rediomrclide conce'rtrrrinn .f 2.rivity

should he considered

when developing and enacting remediation end-pointsfor soils.
Although Soil 4 was designatedas a "leave-in-place" soil, this
study indicated its leachate contained radionuclides and could
subsequentlycontaminategtound or surfacewaters.The carbonate complexespresentor formed in Soil 4 and its soil pore water
have some influence on the leaching of uraniurn The presenceof
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